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Residual stresses in a bulk metallic glass–stainless steel composite
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Abstract

Bulk metallic glasses (BMGs) are new structural materials with impressive mechanical properties. They can now be cast into large
dimensions, which can lead to significant residual stress generation due to thermal tempering. In this process, a surface compression develops
balanced with tension in the interior. To evaluate this phenomenon non-destructively, a model cylindrical stainless steel (SS)–BMG composite
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as prepared and studied using neutron diffraction and finite element (FE) modeling. The residual strain data from the SS o
iffraction were used in modeling calculations to show that significant tempering could be achieved in the composite (about−200 MPa
urface compression in the SS). The strong bond between the SS and BMG allowed efficient load transfer and facilitated stress
he final values of the residual stresses were seen to be relatively insensitive to the high temperature constitutive behavior of the S
hysics of the thermal tempering in BMGs. The approach presented here constitutes an effective means to study non-destructiv

empering in BMGs.
2005 Elsevier B.V. All rights reserved.

eywords:Neutron diffraction; Metallic glass; Thermal tempering; Residual stress; Finite element modeling; Strain measurement

. Introduction

Although metallic glasses have been made since 1960,
pecimen dimensions were previously limited to tens of�m
ue to the very fast cooling rates (about 106 K/s) needed in
rder to prevent crystallization. Recently, multicomponent
lloys have been developed with exceptional glass formation
bility that allows the processing ofbulkspecimens as large as
0 mm in diameter[1]. Called bulk metallic glasses (BMGs),

hese new amorphous alloys exhibit impressive properties
s structural materials: yield strength around 2 GPa, frac-

ure toughness between 20 and 140 MPa m1/2, elastic strain
imit around 2%, good corrosion resistance and high specific
trength[2].
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Large specimen dimensions have introduced an impo
source of residual stress in BMGs due to the thermal tem
ing phenomenon. Thermal tempering refers to the gener
of compressive residual stresses at the surface of glass
imens due to rapid cooling during processing. This is a w
established process in silicate glasses[3]. Thermal temperin
in BMGs has been recently investigated for the first tim
Aydiner et al. in a series of systematic studies[4–6]. Aydiner
et al. showed that the thermoviscoelastic model they d
oped earlier can predict residual stresses within 15–30
experimental data[6]. In these studies, the residual stres
were measured with the slitting (crack compliance) me
[5,6], which offered good accuracy and spatial resolut
However, this is a destructive method that relies on mea
ment of mechanical relaxation caused by judicious mat
removal.

Residual stresses in BMGs are difficult to measure
rectly with non-destructive methods. The amorphous na
of BMGs precludes the commonly used diffraction-ba
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technique for residual stress measurement. However, it is
possible to introduce a limited amount of crystalline phase
into the BMG alloy and measure the residual elastic strain in
it after processing. Then, the link between the strains mea-
sured in the crystalline phase and the stresses in the BMG can
be established through mechanical modeling. This approach
has been successfully employed in studying the in situ defor-
mation behavior of BMG matrix composites with metallic
inclusions[7–13].

A similar approach is followed in the present study. A
model cylindrical composite sample was produced under
controlled conditions to evaluate the residual stresses in a
BMG alloy. Due to its good interface strength and limited
reactivity with most BMGs, stainless steel (SS) was used as
the crystalline second phase. The residual strains in the steel
were measured by neutron diffraction and compared with
the results of a finite element (FE) analysis. It is shown that
significant residual stresses are induced in the SS–BMG com-
posite and that neutron diffraction and FE can be effectively
combined to evaluate and predict them.

2. Experimental procedure

2.1. Sample preparation
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the BMG alloy melted at around 900◦C and filled the vol-
ume between the pin and the tube. Finally, the composite was
quenched in room temperature water. A 50-mm long section
of the SS–BMG composite was then cut to obtain the spec-
imen inFig. 1. Other details of specimen preparation using
this method were presented elsewhere[1,6]. It is important to
note that both SS–BMG interfaces were intact after process-
ing. An identical tube (with an attached pin) was also heat
treated under the same conditions, but without a BMG core,
to be used as a stress-free reference in neutron diffraction
measurements.

An accurate estimate of the heat transfer coefficient is cru-
cial for a successful prediction of tempering-induced residual
stresses. In this study, heat transfer during water quenching
is assumed to obey the typical convective heat transfer re-
lation: Q=h(Ts−Tf ), whereQ is the heat flux,Ts the sur-
face temperature of the specimen,Tf the temperature of the
coolant fluid andh is the heat transfer coefficient. Since it
is experimentally unfeasible to directly monitor the temper-
ature evolution on the outer surface of the composite[6],
a thermocouple-embedded SS rod (diameter: 12.7 mm and
length: 101.6 mm) was used to deduce the value of the heat
transfer coefficient by quenching it under identical condi-
tions. The thermocouple, which is at the center of the rod’s
cross-section at mid-length, yields the temperature evolution
at that location. To determine the heat transfer coefficient,
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The sample geometry is shown inFig. 1. It consists of a
ISI 314 stainless steel pin at the center (diameter: 3.2 m
tube of the same steel at the circumference (outer d

er: 19.0 mm and inner diameter: 15.6 mm) and a BMG a
Vitreloy 1: Zr41.2Ti13.8Cu12.5Ni10.0Be22.5) in between. Th
rst step in the production of this specimen was the wel
f a SS pin to the closed end of a 900-mm long SS t
ext, the top end of the tube was connected to a vac

ine after pre-cast BMG ingots were put inside. The ass
ly was evacuated and placed in a vertical furnace w

ig. 1. Model specimen made of a type-314 stainless steel tube (19
uter diameter and 15.6 mm inner diameter) and a middle pin (3.2 mm
ter) with a Vitreloy 1 (Zr41.2T13.8Cu12.5Ni10Be22.5) BMG cast in between
he specimen height is about 50 mm.
rst, the problem was solved for a range of assumed
ransfer coefficients. Then, the temperature history ou
f these calculations at the thermocouple location was
ared with the experimental data. The best match bet

he two yields the heat transfer coefficient of the quench
eader is referred to[6] for the mathematical implement
ion of this procedure and further experimental details. In
resent study, additional experiments where the quenc

er was stirred with varied speeds showed that heat trans
ery weakly dependent on stream velocity (plausibly du
oiling convection[14]) and that the heat transfer coeffici
aries between 8000 and 10,000 W/(m2 K) with an averag
alue ofh= 9000 W/(m2 K). These numbers were used in
E calculations described later.

.2. Residual strain measurement via neutron diffractio

Neutron diffraction provided a non-destructive measu
he residual strains in the steel components. The use o
echnique at a reactor source and specifically at the Mis
niversity Research Reactor Center’s 2XD powder diff

ometer is described elsewhere[15,16]. Measurements we
erformed using a monochromatic neutron beam of w

ength,λ = 1.478Å and a position sensitive detector (PS
he 311 stainless steel peak at2θ = 86.6◦ was employed. Th
age volume was a rectangular box of 1 mm× 1 mm× 8 mm
efined by incident and diffracted beam slits (seeFig. 2). An
scillating radial collimator was used on the diffracted b

o reduce sources of background neutrons. The residual
as obtained from the difference in the 311 lattice spac



C.C. Aydıner et al. / Materials Science and Engineering A 399 (2005) 107–113 109

Fig. 2. Schematic of the 2XD neutron diffractometer at the Missouri Univer-
sity Research Reactor Center. The sampling (or gauge) volume is defined by
slits in the incident and diffracted beams to be about 1 mm× 1 mm× 8 mm.

of the composite and the stress-free reference sample. The
uncertainty in experimental strain data (obtained from four
repeated measurements on the reference sample) is estimated
at± 330�� (where�� = 10−6 strain), mostly due to the trans-
lation error.

3. Modeling

3.1. Constitutive behavior of metallic glass and stainless
steel

The thermoviscoelastic model that was previously devel-
oped[5] and shown to be reasonably accurate in comparison
with experimental data[6] was used here to describe the con-
stitutive behavior of BMG. The previous study[6] employed
a monolithic cylindrical BMG sample. There, the error be-
tween the model predictions and experimental results varied
along the sample radius, increasing from 15% at the center
to 30% at the surface. This is typical of thermal tempering
[17], where the temperature gradients at the surface are much
higher during processing. In this model, as in the classical vis-
coelastic theory of tempering[18], the viscoelastic response
is attributed to shear only and bulk deformation is assumed
to be elastic. The shear relaxation modulus at a temperature
T (GT) is deduced from the equilibrium viscosity data, which
i FT)
r

η

w .5
f
η g
t

η

a vis-
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Table 1
Thermophysical properties of stainless steel (AISI 314) and Vitreloy 1
(Zr41.2Ti13.8Cu125Ni10Be22.5) metallic glass employed in the present study

Material AISI 314 stainless
steel[20]

Zr41.2Ti13.8

Cu12.5Ni10Be22.5

glass

Young’s modulus,E (GPa) 193 96[23]
Poisson’s ratio,� 0.30 0.36[23]
Density,ρ (kg/m3) 7800 6000[24]

Thermal conductivity,k
(W/(m K))

16.7 at 273 K

17.5 at 373 K 6.0 at 273 K
20.9 at 773 K 18.8 at 1273 K

[25]
25.2 at 1273 K

Specific heat,Cp (J/(kg K))

500

23 at 298 K
28 at 600 K
800 at 673 K
740 at 773 K
703 at 873 K
681 at 973 K
668 at 1073 K
661 at 1173 K
[26,27]

Coefficient of thermal
expansion,α
(×10−6 K−1)

15.1 10.0[24]

Aydiner et al. performed a parametric study to show that the
predicted final residual stress state is practically independent
of the shape of the relaxation modulus[5]. Hence, the simple
Debye relaxation was employed in the present calculations:

GT(t) = µT exp

[
− t

τ(T )

]
where, τ(T ) = η(T )

µT

(3)

Here,t is the time andµT is the instantaneous shear modulus
at temperatureT andτ(T) is the relaxation time. The reader
is referred to[5] for further details of the viscoelastic model
and how it is implemented in a finite element calculation.

The constitutive behavior of the AISI 314 stainless steel is
given inTable 1(elastic constants) and inTable 2(plasticity
data). It is well known that the plastic behavior of stainless
steels is strongly dependent on heat treatment, sample dimen-

Table 2
Temperature dependent plastic behavior of AISI 314 stainless steel for the
three cases considered

Temperature (K) σY (MPa) σT,Tensile(MPa),εT,p

Case 1[20] 298 205 721, 0.332
Case 2[20] 298 310 868, 0.332

294 358 1105, 0.498
700 276 804, 0.346
811 248 758, 0.355

Case 3[21] 866 224 665, 0.297

σ and
ε

s successfully fit with the Vogel–Fulcher–Tammann (V
elation[19]:

(T ) = η0 exp

(
D∗T0

T − T0

)
(1)

here D* is called the fragility parameter (18
or the Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG alloy),
0 = 4× 10−5 Pa s, andT0 is the VFT kinetic freezin
emperature (412.5 K). The viscoelastic relation,

(T ) =
∫ ∞

0
GT (t) dt (2)

llows the determination of the relaxation modulus from
osity only if the functional form ofGT is known. Therefore
1033 138 450, 0.530
1089 103 259, 0.407
1144 90 274, 0.575

Y: Yield strength,σT,Tensile: true stress at the ultimate tensile strength,

T,p: the corresponding plastic component of true strain.
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sions and geometry. As a result, a wide range of plasticity data
exists for the AISI 314 steel. Therefore, the constitutive be-
havior of the SS was regarded a parameter in the present anal-
ysis and three data sets were considered. As will be shown,
such a parametric study also helps with the understanding of
the model predictions’ sensitivity to the constitutive behavior
of the SS, which could not be determined in situ during this
investigation. The first two cases listed inTable 2are room
temperature test results whereas the third case includes high
temperature data as well[20,21]. The data are presented in
Table 2in terms of yield strength (σY), true stress at the ulti-
mate tensile strength (σT,Tensile) and the corresponding plastic
component of true strain (εT,P), the way they were used in the
FE calculations. The latter two quantities specify the harden-
ing behavior. The analysis assumed von Mises plasticity with
isotropic hardening.

3.2. Finite element model

A sequential thermal-displacement analysis was em-
ployed to simulate the quenching problem in ABAQUSTM

finite element software[22]. In this analysis, first, the heat
transfer problem was solved and nodal temperatures as a
function of position and time were determined. The mechani-
cal problem was then solved using the same mesh imposed by
the previous temperature solution. Such an analysis assumes
t rans-
f due
t oling
i

axis-
s re

used for all calculations. The boundary condition for the heat
transfer problem was uniform convective heat transfer from
the circumference and the thermophysical data used for both
phases are given inTable 1. The heat loss from the bottom
of the tube was ignored due to the high aspect ratio of the
sample. In addition, uniform cooling from the bottom, on its
own, does not create thermal gradients in the radial direction,
which are responsible for thermal tempering.

The mechanical problem was solved in a *VISCO step in
ABAQUSTM [22] that is used for stress/displacement analy-
sis with time dependent material response (e.g., rate depen-
dent plasticity and viscoelasticity). The *VISCO procedure
implements time integration of material behavior in consec-
utive temporal increments. In each of these increments, it-
erations were carried out until convergence to quasi-static
equilibrium was achieved. Here, the NLGEOM option of
ABAQUSTM [22] was used which allows large displacements
by accounting for geometric non-linearity due to distortion
of the mesh. It proved crucial in this analysis due to the large
thermal contraction and bulging of the BMG (which acts
as a fluid in the initial stages of the cooling process) that
is squeezed by the stainless steel tube, which cools faster,
and contracts with a larger coefficient of thermal expansion
(seeTable 1). The boundary conditions were chosen to ap-
proximate the conditions in the process and are shown in
Fig. 3(a): zero traction on the circumference that is force-
f due
t sur-
f pin
( tion)
t is a
s lo-

F ith bou The s
s (b) ma placed al
t ent lin
hat the mechanical problem is not coupled to the heat t
er problem, which is reasonable since heat dissipation
o inelastic processes is overwhelmed by the severe co
mposed during quenching.

The entire sample was modeled as a two-dimensional
ymmetric mesh shown inFig. 3(a). Quadratic elements we

ig. 3. (a) The two-dimensional, axis-symmetric finite element mesh w
teel section is cross-hatched whereas the BMG section is blank and
he axial direction. Model predictions are gathered along sixteen elem
ree and zero radial displacement along the center line
o axis-symmetry. In addition, zero traction on the top
ace was assumed. This is fully justified for the BMG and
which constitute the majority of the sample cross-sec
hat have vacuum above them during processing, and
implifying assumption for the tube that is intact at that

ndary conditions of thermal and mechanical analyses superimposed.tainless
gnified view of the mid-section where the neutron sampling volume isong
es in the radial direction that cover this region.
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cation. The bottom of the sample was assumed to deform
uniformly in the axial direction and was assigned a zero axial
displacement boundary condition at the bottom surface.

The FE model consisted of a single mesh with elements as-
signed SS or BMG constitutive behavior at the corresponding
sections. This means a “perfect” bond between the BMG and
SS was assumed at all times. The intact SS–BMG interface
observed after quenching justifies this assumption. In addi-
tion, the neutron diffraction results presented in the next sec-
tion proved that the pin–BMG interface was strong after the
solidification of the BMG since the pin was put under consid-
erable tensile radial and axial stress. In other words, despite
the existence of significant tensile stresses at the SS–BMG
interfaces, they appear to build enough strength to withstand
these stresses, especially after the solidification of the BMG
when the majority of the stress generation occurs.

For a long cylinder geometry with uniform cooling, it was
admissible in a previous study[6] to constrain the deforma-
tion in the axial direction to be uniform (generalized plane
strain) so that the problem could be one-dimensional. In FE
implementation of this type of modeling, only one line of ele-
ments are considered in the radial direction whose top nodes
are constrained to deform uniformly in the axial direction.
Such an analysis proved to be incorrect in the present study
due to the existence of the SS pin. The uniform axial dis-
placement constraint across the entire cross-section directly
l een
t led
t em
t sses
i ption
w n was
m

the
8 ele-
m ple
( ered
a aged
i ons.
N , the
v und
t ction
4 f the
s

4

nd
fi
a )”),
t the
t r
c nd no
t idual
s n the

Fig. 4. Axial elastic strains measured by neutron diffraction (ND) and cal-
culated for different constitutive behaviors of stainless steel (SS) and BMG:
Case 1: (σY)SS= 205 MPa, BMG viscoelastic; Case 2: (σY)SS= 310 MPa,
BMG viscoelastic; Case 3: (σY)SS= 358 MPa at room temperature and drops
at higher temperatures (Table 2), BMG viscoelastic; “Elastic SS”: SS linear
elastic, BMG viscoelastic; “Elastic SS, BMG (CTE)” both phases are linear
elastic, no thermal gradients allowed (CTE mismatch is the only residual
stress source). The shaded areas represent the error bars for the ND data
(± 330��).

two phases below 352◦C (the glass transition temperature of
BMG). This case was considered to highlight the effect of
temperature gradients in the residual stress state of the com-
posite. It is obvious inFig. 4 that if CTE mismatch were the
only source of residual strain in this composite, then the axial
strains in the pin and the tube would be identical and quite
different than the experimental data. In all the other four FE
models, the BMG behaved as a viscoelastic material, but the
constitutive behavior of the SS varied from a linear elastic
material (“Elastic SS”), to one with a room temperature yield
strength ofσY = 205 MPa (Case 1), orσY = 310 MPa (Case
2), and finally for Case 3, with a high yield strength at room
temperature,σY = 358 MPa which decreases at higher tem-
peratures (seeTable 2for additional details). Note that the
first two cases assume no variation of SS yield strength as a
function of temperature.

Diffraction data exhibited a high tensile residual strain in
the SS pin (+ 1420��) and a low compressive strain in the
tube (−140��), both in the axial direction. A straight line was
used to show the ND result for clarity although the measure-
ment was taken from one location, 1 mm wide in the radial
and hoop directions. The measurement in the pin is insensi-
tive to the exact radial location of the sampling volume since
the model calculations yielded almost uniform elastic strain
in it. The variation in the tube is much more pronounced. The
primary reason is that the pin, being at the center, never ex-
p en it
y ads
e rsely,
t ven
inks the SS tube and pin before the metallic glass betw
hem solidifies. Since the contraction of the rapidly coo
ube is very different from the pin at this stage, forcing th
o deform equally creates large unphysical thermal stre
n both. Therefore, the generalized plane strain assum
as avoided in the present study and the entire specime
odeled.
To allow a direct comparison with the diffraction data,

-mm long sampling volume was represented with 16
ents in the axial direction around the middle of the sam

seeFig. 3(b)). Stress and elastic strain values were gath
long these element lines in the radial direction and aver

n the axial direction to simulate the averaging by neutr
ote that, as expected from the long cylinder geometry
ariation of stress and strain in the axial direction was fo
o be very low. Therefore, the results presented in the Se
may be viewed as representative of the mid-section o
ample.

. Results and discussion

Axial elastic strain results from neutron diffraction a
ve different FE model predictions are presented inFig. 4. In
ll but one FE model (namely, “Elastic SS, BMG (CTE

he constitutive behavior of the BMG was described by
hermoviscoelastic model presented in Section3. In the latte
ase, both SS and BMG were considered linear elastic a
hermal gradients were allowed. Therefore, the only res
tress source in this case is the CTE mismatch betwee
erienced severe temperature gradients within itself. Wh
ielded, plastic deformation was uniform and due to the lo
xerted by the remaining section of the sample. Conve
he tube underwent non-uniform plastic deformation e
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before metallic glass solidified due to high thermal gradients
within its wall. Such deformation was especially pronounced
in Case 3 where high temperature softening of SS was con-
sidered. Note that when plastic deformation was prevented
(the “Elastic SS” case), the strain distribution in the tube, too,
became uniform (Fig. 4).

The ND data from the pin had a better signal-to-noise ra-
tio. In addition, since the pin carries uniform axial strain, it is
more advantageous in comparing the experimental data with
model predictions. Therefore, the following discussion will
concentrate only on the pin. When the FE calculations are
compared with each other, the obvious trend is more elas-
tic strain in the pin as room temperature yield strength in-
creases. The extreme point is the fictitious elastic SS cal-
culation, which represents infinite yield strength. A simple
explanation for this result is that the majority of the residual
stresses are generated after the BMG completely “solidifies”,
since the pin–BMG interface should be able to transfer load
to the pin. If the “solidification” or “setting” of the BMG
is assumed to occur at 352◦C (its glass transition tempera-
ture), the maximum temperature at this instant at the center
of the pin is only slightly higher (362◦C) according to the
heat transfer solution. As mentioned earlier, the pin does not
yield due to thermal gradients within itself before the “set-
ting” of the BMG. Therefore, no significant high tempera-
ture plastic deformation is expected in the pin and the low
t ntrol
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Fig. 5. Axial stresses predicted by the FE for various constitutive behaviors
of SS and BMG (see the caption ofFig. 4for details).

as the surface compressive axial stress in the SS tube reaches
−200 MPa (Fig. 5).

The effect of the heat transfer coefficient on the final resid-
ual stresses was found to be minimal within the range of heat
transfer coefficients studied:h= 8000–10,000 W/(m2 K).
Specifically, for Cases 1–3 the axial strain in the pin varied
by less than 1%. Its variation was more pronounced (about
3%) for the “Elastic SS” case. This insensitivity is attributed
to the saturation of the temper level at these high values of
heat transfer coefficient[3,4].

Finally, it is important to note that there are other error
sources in this thermomechanical problem whose solution
is quite dependent on accurate information about material
properties over a large temperature range (up to 900◦C).
That means some of the discrepancy between model pre-
dictions and experimental data can be attributed to inaccu-
rate material data. In addition, the viscoelastic theory for
BMGs does not provide an exact description of their con-
stitutive behavior because it disregards the structural relax-
ation in glass. In the previous study, the mid-plane tension
and surface compression were overestimated by 15 and 30%,
respectively[6]. This could be explained by the use of the
equilibrium viscosity in calculations, which is higher than
instantaneous viscosity around the glass transition of BMG
when the glass relaxes[19]. In simple terms, this means the
“solidification” temperature of the BMG was likely overes-
t ts are
d ower
t e the
b pera-
t r
r t the
c ess,
w ted in
F
t l pre-
d es in
B

emperature plastic properties of the SS essentially co
he stress level in the pin. Indeed, when high temper
oftening was deleted from the input file of Case 3 and
alculation was repeated, the results (not shown) wer
ignificantly affected. This means, an accurate calculati
esidual strains in the pin requires exact information a
he plastic behavior of the SS only around room temp
ure. This result eliminates the influence on the final resi
tresses of the high temperature constitutive behavior o
S, an unknown in the present study. Although the exac

reatment (and hence the room temperature plastic beh
f the SS during the composite processing is not know
an be reasonably speculated that it approaches Case
ield strength around 200 MPa) judging from the proxim
f the model predictions for this case to the ND data in
in (Fig. 4).

Fig. 5presents the axial residual stresses in the comp
he parabolic shape of the stress distribution in the BM

ypical of thermal tempering[3]. In Fig. 5, it is obvious tha
he stress profile in BMG is not influenced appreciably
he constitutive behavior of SS. Here, the temper leve
e expressed as the difference between the end points
arabola (∼560 MPa). In a tempered, monolithic BMG s

ace compression to mid-plane tension ratio is around 2[6].
ence, the temper level attained in the present study c
ponds to about +190 MPa mid-plane tension and−380 MPa
urface compression in a monolithic BMG sample. This
ult again proves that BMGs can build significant resid
tresses due to thermal tempering. It is worth noting tha
S–BMG composite studied here is a tempered produc
imated in the present analysis. As temperature gradien
ecaying at this stage of the process, solidification at a l

emperature implies smaller temperature gradients. Sinc
ulk of tempering stresses are due to decay of tem
ure gradients after solidification[3,6], this means smalle
esidual stresses in reality. Hence, it is reasonable tha
alculated elastic strain, which is linearly related to str
as somewhat higher than the measurement as depic
ig. 4. The reader is referred to[6] for further details on

he discrepancy between the thermoviscoelastic mode
ictions and experimentally measured residual stress
MGs.
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5. Conclusions

A cylindrical stainless steel–bulk metallic glass compos-
ite was studied with an integrated analysis of neutron diffrac-
tion and finite element modeling. The diffraction data pro-
vided residual strain information in the SS components of
the specimen while the finite element model allowed the
interpretation of the data and the deduction of the stresses
in both phases. A previously developed thermoviscoelastic
model[5] was used to describe the constitutive behavior of
the BMG while that of the SS was studied as a parameter in
the finite element model. The following conclusions could be
reached:

• Effective thermal tempering can be achieved in such a
composite leading to high surface compression in the
BMG (above−300 MPa) balanced with tension at the
center.

• The strong bond between the SS and the BMG results in
efficient load transfer and is critical in residual stress evo-
lution during the quenching of the composite.

• The SS likely yields during processing. Its room tempera-
ture yield strength is estimated to be around 200 MPa. Al-
though the processing initiates at high temperatures where
the yield strength of the SS drops significantly, its constitu-
tive behavior in this regime does not appreciably influence
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